A solidification model for ductile iron, including Weibull formula for nodule count, has been presented. The principal assumptions of the kinetic nature of growth, depending on undercooling in respect of the eutectic equilibrium temperature and austenite liquidus line, have been adopted, disregarding the diffusion processes, which was justified by the rapid course of the crystallization process in a thin-walled casting. From this model, the following parameters can be determined: cooling curves, kinetics of austenite and eutectic nucleation, austenite and eutectic growth velocity, and volume fraction.
Introduction
Nodular graphite cast iron, also known as ductile iron, ductile cast iron, nodular graphite iron and spheroidal graphite iron (SGI), has major applications in critical engineering parts due to its excellent properties and castablility. The mechanical, physical and utilization properties of this cast iron depend on the number of the graphite grains and on the individual matrix constituents. The prediction of local properties of castings is an old dream of foundrymen and casting designers which nowadays is becoming every day more true due to the development of our computational abilities. To predict the mechanical properties of nodular graphite iron it is necessary to simulate the refinement and volume fraction of the individual structural constituents present in this cast iron.
Most of the computer modeling programs described in literature is devoted to eutectic transformation [1] [2] [3] [4] [5] [6] [7] under the pre-assumed stationary conditions of carbon diffusion in austenite. In Refs. 5 and 6) a physical model of solidification of the nodular graphite cast iron which quantitatively accounts for the formation of non-eutectic austenite during cooling and solidification of hypereutectic as well as hypoeutectic cast iron has been presented. In investigations described in Ref. 7) , process modeling techniques have been applied to describe the multiple phase changes occurring during solidification and subsequent cooling of near-eutectic nodular graphite cast iron, based on the internal state variable approach.
According to Ref. 8) , at the eutectic temperature, austenite dendrites and graphite spheroids nucleate independently in the liquid. This mechanism has been confirmed in the experiments 9, 10) and modeling 11, 12) by both-for hypo-eutectic and eutectic, as well as hyper-eutectic SGI. The non-stationary diffusion in nodular graphite iron casting has been presented in Ref. 13 ).
In Refs. 14 and 15) some formulae have been introduced for uninodular models assuming that a basic unit of solidification is formed by a graphite nodule and austenite shell covering this nodule, whereas multinodular models assume that each unit of solidification is formed by a grain of dendritic austenite containing several graphite spheroids.
The aim of this study was to develop a simple kinetic, nondiffusional model of SGI solidification, using knowledge available so far for near-eutectic composition, confronted with experiments 16, 17) in respect of both the cooling curves as well as graphite nodule count in a real thin-walled casting.
Model of Process
The model combines a macro-model (heat transfer in casting) with micro-model (nucleation and growth of grains). Heat transfer in casting depends on the cooling conditions created by foundry mold.
According to the analysis of reference literature presented above, it has been assumed that, irrespective of the fact that molten metal may have the chemical composition corresponding to a eutectic one (carbon equivalent CE ≈ 1.0), it is possible that austenite dendrites and graphite spheroids will nucleate independently in the liquid. The mechanism of the diffusion growth of nodular graphite (allowed for in Ref. 13 ), among others) has been disregarded, assuming that the leading factor in the process of the grain growth is the kinetic undercooling at an austenite-liquid phase boundary, © 2014 ISIJ including the growth of both eutectic grains and austenite dendrites (for which an approximate spherical growth with amendment in Kolmogorov equation has been adopted). It has also been assumed that the eutectic nodule count is equivalent to graphite nodule count.
Heat Transfer
The macro temperature field in casting-mold system is:
. ; qs -heat generation rate of phase transformations, J·m ; c -volumetric specific heat, J·m -3 K -1 (lower index i denotes casting -c -or mold -m). The impact of the casting mold was allowed for using a Chvorinov's rule, calculating the heat flux into the mold with regard to the mold parameters.
Volume Fraction
In order to calculate the true volume fraction of solid, one must include the effect of grain impingement. The true volume fraction of solid fS can be described by Kolmogorov equation: 18) ,.. (2) where Ω -so-called "extended" volume of all solid grains. Value of the Ω is non-dimensional and is calculated as a relation between the total volume of ideal shape of all grains and volume of the mother phase.
According to Kolmogorov: 18) . 
Nucleation
It is well known that liquid cast iron contains undissolved particles of various sizes. Hence, upon alloy undercooling beyond a critical value, sizes of these particles exceed the threshold level needed for stable growth. Hence, growing nuclei are continually developed until the time when the metal attains its maximum level of undercooling. Afterward, with the progress of recalescence, no new nuclei form because all the particles larger than the critical size (which corresponds to maximum undercooling) were already exhausted. Activation of smaller particle substrates as active nuclei will require undercooling, which will have to exceed the maximum value. To compute the density of the formed austenite nuclei (m -3 ) the following relationship has been adopted: 19) . where Ns -overall nucleation site density in the melt, m -3 ; b -nucleation coefficient, K; ΔTe -undercooling with the reference to equilibrium eutectic temperature, K.
Ns can be identified with a maximum value of nodule count, which is theoretically possible, if all the substrates for nucleation are used separately. A similar equation, but with the (1-fs) factor (where fs -solid fraction) was used by Dardati et al. 15) in 2009, after Boeri (PhD thesis in 1989).
Growth of Grains
The austenite linear growth velocity (m·s (6) where μ γ -austenite growth coefficient, m·s (7) where μe -eutectic growth coefficient, m·s
Equilibrium Temperature and Segregation
The equilibrium temperatures Tγ for solidifying austenite and Te for eutectics (°C) can be represented with the linear functions of carbon, silicon and phosphorus concentration in liquid cast iron: 22, 23) .......... (8) ................. (9) where CL, SiL, PL -weight percent of C, Si and P in liquid, respectively.
The solute concentration in the solidifying phases is strongly influenced by the magnitude of the diffusion coefficients. Hence, for solute of relatively high diffusivity (e.g. carbon in austenite), the solute concentration in the liquid phase can be approximated with the mass balance.
Alternatively, the Scheil equation has been used in dealing with low diffusivity solutes, such as in the case of silicon or phosphorus in austenite.
A set of the above equations, after transformation to a differential form, was solved by the finite difference method, applying an iteration procedure (secant method). The simulation program operating in Delphi environment was prepared for one dimensional (1D) casting geometry.
The verification of the developed model was confronted with the results of an experiment which in more detail was described in Refs. 16) and 17).
Parameters of Experiment and for Modeling
The parameters adopted in modeling are given below and in Tables 1 and 2 . The first three parameters in Table 1 concern the nucleation and growth, the next ones -thermal conductivity, specific heat and density of casting and mold material. The results of experiments (and cooling curves from the experiments) shown in Table 3 were taken for comparison with the modeling. (10) where %C, %Si, %P -weight percent of C, Si, P.
Own trials and prior information stated in the literature 12) showed a variation in the boundary conditions (heat transfer coefficient and heat flux on the surface of casting). From own simulation tests and a comparison with the temperature curves obtained by the experiment it follows that the boundary conditions change during solidification (which can be allowed for as a function dependent on the fraction solidified according to), 12) but to a larger extent they change with a change in the casting thickness. After the tests it has been assumed that these changes will be expressed with different values of the conductivity coefficient for mold material λ m.
It has been assumed that for the casting thickness of 1.5, 2.8 and 3 mm, the value of the coefficient λ m = 0.55 (simulation I), for the thickness of 4 and 8 mm, the value of λ m = 0.70 (simulation II, experiments), 17) and for the thickness of 6 and 10 mm (simulation III experiments) 
Discussion of Results
The development of computer programs, based on the assumed mathematical model of the solidification process of casting made from nodular graphite iron, had as a main objective checking the viability and reproducibility of this model, and investigating some of its specific features. Selected elements of the model (temperature field and number of grains) were verified by experiments. The successful results of this verification have confirmed the assumptions made previously that the developed model faithfully reflects the reality. Assuming now the correct functioning of mathematical model and of the respective simulation program enabling practical operation of this model, numerous process-related results were obtained. Although, so far, not all of them have been checked in practical application, they can still give important information on the mechanism of the examined process.
The simulation computations were carried out on plates for which the experimental data were available. The thermophysical parameters were taken from the data given in literature. The plate geometry and the starting test conditions were adapted to those applied previously in the experiments. 16, 17) Studies 16, 20) based on a comparison with the experiment have indicated that, to have the results consistent with the experiment, the values of Ns and b must be individually selected for each melt. An analysis of the melting results summarized in Table 3 , using the developed simulation program, has showed that (with similar and typical conditions for liquid metal treatment), one value of Ns can be assumed, and the value of the coefficient b will be functionally dependent on the casting thickness - Fig. 1 .
Using the simulation program, a relationship shown in Fig. 1 has been derived.
All of the following simulation calculations were obtained at a constant value of Ns = 1. (Table 2) , whereas in the case of the plate thickness of 6 and 10 mmfor melt 2. Figures 2(a) , 3(a) and 4(a) also show the run of an equilibrium temperature curve of eutectic transformation Te as a result of Si and P segregation during the solidification. The temperature curves from both simulation (solid line) and experiment (dotted line) show a point of visible change of cooling curve gradient, marked with letter A. Its presence is due to the effect of the nucleating and growing grains (dendrites) of austenite.
Some attention deserves the fact that studies in both variants, i.e. simulation and experiment, were carried out on the Fe-C-Si-P alloy of practically eutectic composition (the point of eutectic saturation Sc = 1.05 -1.07 for Ref. 16 ) data and 1.01 -1.03 for Ref. 17 ) data) which, considering an equilibrium course of the solidification process, allows us to expect total absence of the austenite in structure. Yet, modeling carried out for a non-equilibrium system has revealed an important share of austenite (disclosed in further drawings). Another proof is the result of modeling excluding the possibility of austenite nucleation - Fig. 3(a) , where the plotted cooling curve is basically different from both the experimental curve (dots) and simulation curve (solid line). The characteristic point A (change of the line curvature), which reflects the thermal effect caused by the growing dendrites of austenite, is also present in Figs. 2(a) and 4(a) . These results confirm previous data reported in the literature.
21)
Figures 5-9 show the values obtained by simulation for the data given in Table 2 compared with the experimental data given in Table 3 and in publications. 16, 17) Simulations were carried out for the thermo-physical parameters given in Table 1 . Own trials and prior information stated in the literature 12) showed a variation in the boundary conditions (heat transfer coefficient and heat flux on the surface of casting). From own simulation tests and a comparison with the temperature curves obtained by the experiment it follows that the boundary conditions change during solidification (which can be allowed for as a function dependent on the fraction solidified according to), 12) but to a larger extent they change with a change in the casting thickness. After the tests it has been assumed that these changes will be expressed with different values of the conductivity coefficient for mold material λ m. It has been assumed that for the casting thickness of 1.5, 2.8 and 3 mm, the value of the coefficient λ m = 0.0055 (simulation I), for the thickness of 4 and 8 mm, the value of λ m = 0.007 (simulation II, experiments), 17) and for the thickness of 6 and 10 mm (simulation III experiments) 16 ) -the value of λ m = 0.0103 W·cm -1 K -1 . Figure 5 shows, for the examined casting thicknesses, the value of minimum temperature Tmin at an instant of the maximum undercooling ΔTmax, Fig. 6 shows the maximum temperature Tmax achieved after ΔTmax, while Fig. 7 shows the value of recalescence, that is, the difference between Tmax and Tmin. Figure 8 shows dependence the maximum undercooling ΔTmax of plate thickness, while Fig. 9 shows the nodule count as a function of the casting thickness. All the results obtained indicate the following:
• obvious dependence of the measured quantities on the casting thickness; • simulation results are close to measurement results between the values obtained by simulation and experiment. For the casting thickness of 6 and 10 mm, the values obtained in three different melts were shown. The largest differences between these values are for the recalescence (Fig. 7) , which can be explained by measurement uncertainty, as in simulation calculations the differences in the recalescence values between the melts did not exceed 2 K. Of course, these differences can also be ascribed to some simplifications in the model adopted, but it has to be remembered that recalescence in the measurements (Fig. 4 in Ref. 17) ) was also characterized by a large scatter of values (about 22 K).
The final number of nodule count depends on the value of maximum undercooling which, in turn, depends on process parameters. For the similar pouring temperature, casting configuration and mold material, it depends on the casting thickness only, as shown in Fig. 7 . With increasing casting thickness, the value of the maximum undercooling is decreasing, analogically to the nodule count. The values obtained by modeling have been compared with the values measured in experiments. 16, 17) Besides comparison of the cooling curves, this is the most significant criterion to evaluate the correctness of a mathematical model of the process and of the developed simulation program. Figure 10 shows small differences in the final volume of austenite and eutectic on the casting cross-section, where the distinguishing feature is a relatively high volume content of austenite (about 20%) in alloy of the eutectic saturation ratio equal to 1.05, which de facto means a eutectic alloy. As mentioned previously, it is the consequence of allowing for non-equilibrium conditions of the solidification process. It is also a confirmation of the above mentioned literature data.
The results of simulation calculations indicate some variations in the content of primary austenite depending on the casting thickness, as shown in Fig. 11 . There is also a variation in austenite volume for castings of the same thickness values (6 and 10 mm) but poured from different melts, although Sc values are similar. This is probably due to a stronger influence of the Si content than would result from the Te or Sc dependence. This, however, requires a separate analysis.
Conclusions
In the developed model of nodular graphite iron casting solidification, the correctness of the mathematical model has been verified with experimental data given in the literature in the range of the most significant factors, which include temperature field, the value of minimum and maximum temperature on a cooling curve, maximum undercooling, recalescence and the graphite nodule count interrelated with casting cross-section. The verification was carried out on thin-walled castings of 1.5-10 mm, where the boundary conditions are the source of very significant deviations from the equilibrium process (undercooling of 30-80 K).
It has been shown that in eutectic cast iron (Sc ≈ 1) the nucleation and growth of austenite grains are of great importance. The cooling curves obtained by modeling excluding and including the possibility of austenite nucleation are quite different and the experimental curve is close to the case with austenite.
Undoubtedly, an experimental verification of other results obtained by simulation is recommended, especially as regards the content of austenite and eutectic on the casting cross-section. 
